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Methanol (MeOH) was dried using the commercial solvent purification system followed by distillation under dinitrogen prior to use. Deuterated MeCN was purchased from Cambridge Isotope Labs, deoxygenated by three successive freeze-pump-thaw cycles, filtered through a pad of activated alumina, and stored over 4 Å sieves prior to use. CoCl 2 was prepared from radiation with a Bruker SMART APEX CCD area detector. Raw data were integrated and corrected for Lorentz and polarization effects using Bruker Apex2 v. 2013. 7 Absorption corrections were applied using SADABS. 8 Space group assignments were determined by examination of systematic absences, E-statistics, and successive refinement of the structures. The crystal structure was solved by direct methods with the aid of successive difference Fourier maps in SHELXS 9 operated with the OLEX2 interface. 10 The crystals showed no significant decay during data collection. Thermal parameters were refined anisotropically for all non-hydrogen atoms in the main body, solvents of crystallization, and counterions. Hydrogen atoms were placed in ideal positions and refined using a riding model for all structures.
L-Band EPR spectroscopy Measurements. L-band (1.367-1.388 GHz) EPR spectroscopy was performed in the National Biomedical EPR Facility at the Medical College of Wisconsin (MCW) on a home built instrument, the details of which are described elsewhere. 11 Samples were finely 6s5p3d2f1g for cobalt and 5s4p2d1f for sulfur, and 4s3p2d1f for carbon 17, 18 Higher CI roots were computed in order to include the lowest lying excited states which is essential if one wishes to obtain reliable magnetic properties. To this end, electronic states consisting of excitations in the full d-manifold were included for a total of 40 doublet and 10 quartet states. CASPT2 S9 calculations were performed for each spin-free state as implemented in the Molcas 8.0 software package. 19 Cholesky decomposition was used in combination with local exchange (LK) screening to reduce the cost of the two electron integrals. 20 Spin orbit coupling effects were computed a posteriori using the state interaction approach (RAS-SI). 21 The diagonal elements of this effective Hamiltonian were replaced with the CASPT2 energies in the so-called SOCASPT2
approach. The RASSI spin-orbit states that were obtained were then introduced into the SINGLE-ANISO module in order to calculate the magnetic properties (g, D, and E) of the complexes.
22
Discussion of fitting temperature dependence of τ. The temperature dependence of τ was fit for 1 -4 under zero applied magnetic field accounting for only two contributors to relaxation.
Quantum tunneling of magnetization serves as a temperature independent relaxation process that dominates the relaxation at the lowest temperature of measurement, as indicated by the plateau in the relaxation profiles. The curvature observed in the temperature dependence of τ at higher temperatures can be adequately fit by the inclusion of a Raman process, imparting a T n dependence on the relaxation behavior. However, careful consideration of the exponent is required. For all variable-temperature relaxation data collected under zero-applied magnetic field, the Raman exponent was held constant at n = 5, as expected for complexes in which a ground spin multiplets state is present owing to coupling between nuclear and electronic spins of the Co 2+ center. Improvements to the fits can be attained by allowing the exponent to vary, whereby it fluctuates between 4.5 and 5.5 for the 1 -4. The only relaxation profile which necessitated the inclusion of an Orbach process is the fast relaxation process (τ f ) in 4. However, it is worth noting the significant errors associated with τ f at higher temperatures owing to the difficulty in resolving the fast relaxation process above 20 K.
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Fitting the slow component of the temperature relaxation profile of 4 (τ s ) can proceed by either inclusion of an Orbach relaxation mechanism, as presented in Figure 3c The effective g-values and hyperfine (Aʹ′) parameters can be transformed back to the S = 3 / 2 gvalues and A constants using the rhombicity factor (η = E/D) determined by computation, η = 0.015, using previous reported methods. 24 The new S = 3 / 2 Hamiltonian parameters are: g x =2.37, 25 Because T 1 relaxation times is not a parameter EasySpin accounts for in simulation of cw-EPR spectra, the spectrum is best modelled using an effective spin model, as described above. Table S8 . Cole-Cole plot fitting parameters for 1 under 0 Oe dc applied field. χ T and χ S are the isothermal and adiabatic magnetic susceptibilities, respectively. χ T therefore takes on the value of χ′ M in the low-frequency limit, while χ S takes on the value of χ′ M in the highfrequency limit. Figure S1 . Variable-field magnetization of polycrystalline samples of 1, 3 and 4 (top to bottom, respectively) restrained under eicosane acquired at 100 K. The black line is a linear fit to the data illustrating the absence of ferromagnetic impurities. Figure S2 . Variable-temperature dc magnetic susceptibility data for 1, 3 and 4 (top to bottom respectively) collected from 1.8 K to 300 K under a dc field of 1 T. The black lines indicate simulated data obtained from the best fits to the 1 T data. The fits were performed using the spin Hamiltonian, Ĥ = DŜ z 2 + E(Ŝ x 2 -Ŝ y 2 ) + (g || + g⊥)µ B SH in DAVE 2.0, with E constrained to a value of zero. Figure S3 . Variable-temperature, variable-field magnetization data for 1, 3 and 4 (top to bottom, respectively) collected between 1.8 and 10 K from 1 to 7 T in 1 T increments. Black lines are simulations of the data obtained from fits using DAVE 2.0 and the spin Hamiltonian, Ĥ = DŜ z 2 + E(Ŝ x 2 -Ŝ y 2 ) + g iso µ B SH. E was held constant at zero throughout the fits owing the low rhombicity (E/D << 0.1). Figure S4 . a. Variable-temperature, variable frequency in-phase ac susceptibility data collected under zero applied dc field in the temperature range of 1.8 to 10 K for 1. The solid lines are guides for the eye. b. Variable-temperature, variable frequency out of phase ac susceptibility data collected under zero applied dc field in the temperature range of 1.8 to 10 K for 1. The solid lines are guides for the eye. c. Cole-Cole plots for 1 under zero applied dc field. The plots were generated from the in-phase (χ′ M ) and out of-phase (χ″ M ) ac susceptibility data and fit using the generalized Debye model (black lines). Figure S6 . a. Variable-temperature, variable frequency in-phase ac susceptibility data collected under zero applied dc field in the temperature range of 1.8 to 15 K for 3. The solid lines are guides for the eye. b. Variable-temperature, variable frequency out of phase ac susceptibility data collected under zero applied dc field in the temperature range of 1.8 to 15 K for 3. The solid lines are guides for the eye. c. Cole-Cole plots for 3 under zero applied dc field. The plots were generated from the in-phase (χ′ M ) and out of-phase (χ″ M ) ac susceptibility data and fit using the generalized Debye model (black lines).
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Figure S7. a. Variable-temperature, variable frequency in-phase ac susceptibility data collected under zero applied dc field in the temperature range of 1.8 to 26 K for 4. The solid lines are guides for the eye. b. Variable-temperature, variable frequency out of phase ac susceptibility data collected under zero applied dc field in the temperature range of 1.8 to 26 K for 4. The solid lines are guides for the eye. c. Cole-Cole plots for 4 under zero applied dc field. The plots were generated from the in-phase (χ′ M ) and out of-phase (χ″ M ) ac susceptibility data and fit using a two site generalized Debye model (black lines). Figure S8 . Fit to the variable temperature relaxation profile of 1 under zero applied dc field. The data were extracted from the Cole-Cole fits presented in Figure S4 . The black line represents the total fit to the relaxation profile accounting for Raman (dotted purple line) and QTM (dotted green line) relaxation mechanisms. Figure S9 . Fit to the variable temperature relaxation profile of 2 under zero applied dc field. The data were extracted from the Cole-Cole fits reported previously. 3 The black line represents the total fit to the relaxation profile accounting for Raman (dotted purple line) and QTM (dotted green line) relaxation mechanisms. Figure S7 . The black line represents the total fit to the relaxation profile accounting for Raman (dotted purple line) and QTM (dotted green line) relaxation mechanisms.
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Figure S11. Fit to the variable temperature relaxation profile of 3 under zero applied dc field. The data were extracted from the Cole-Cole fits presented in Figure S5 . The black line represents the total fit to the relaxation profile accounting for Raman (dotted purple line) and QTM (dotted green line) relaxation mechanisms. Figure S12 . Fit to the variable temperature slow relaxation profile (τ s ) of 4 under zero applied dc field. This is an alternate fit to the data presented in the main manuscript in Figure 3c , excluding an Orbach process. The data were extracted from the Cole-Cole fits presented in Figure S6 . The black line represents the total fit to the relaxation profile accounting for Raman (dotted purple line) and QTM (dotted green line) relaxation mechanisms. Figure S13 . Fit to the variable temperature relaxation profile of the fast relaxation pathway for 4 under zero applied dc field. The data were extracted from the Cole-Cole fits presented in Figure S6 . The black line represents the total fit to the relaxation profile accounting for Orbach (orange dotted line), Raman (dotted purple line) and QTM (dotted green line) relaxation mechanisms. 
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Figure S17. Cw-EPR spectrum of 18 MΩ water (Millipore) collected at L-band frequency (v = 1.368 GHz) at 110 K. The spectrum was collected over the same number of scans and scan times as the experimental spectrum in Figure 5 to ensure confidence in signal assignment.
